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Abnormally high residual dislocation density in pure aluminum after Al/Ti/Al laminate annealing for seven days Hailiang , higher than that in aluminum after severe plastic deformation processes such as accumulative roll bonding and high pressure torsion. It is proposed that the high residual dislocation density may result from obstruction of the movement of TiAl 3 nanoparticles by the grain boundary and Ti atoms conglomerating at vacancies distributed in aluminium matrix at high temperature for a sufficient time to allow a relatively stable crystal.
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Introduction
Dislocation, a classic topic in material science because of its significance in determining the mechanical properties of materials, has received considerable attention from researchers. Dislocation density is a critical material variable that determines dislocation mobility, strength and ductility of materials.
In the absence of recovery, the dislocation density in metals increases with an increase in strain, as shown in Eq. (1):
where  g is the total generated dislocation density, b the Burgers vector, l the mean free path for the dislocation movement, and  the strain. Based on the theory, some Severe Plastic Deformation (SPD) techniques have been developed to produce * hailiang@uow.edu.au or yuhailiang1980@tom.com nanostructured metals [2-5]. After an SPD processing, the residual dislocation density in metals is generally higher than that before processing [6, 7] , however, further increase in the strain can lead to grain coarsening and dislocation annihilation [8] .
Because the dislocation multiplication resulting from straining is balanced by dislocation annihilation due to grain boundary migration, strain-induced structural evolution ceases, and the dislocation density reaches its limit, which in heavily deformed metals is typically ~10 
where  0 is the initial dislocation density and A is a constant. Ma et al [14] found that the dislocation density in the grain interior decreased by 60% after annealing. Zhang et al [15] found that the residual dislocation density in an HPT-processed pure aluminum sample after annealing was about 7×10 found that the microstructure of the 20% whisker sample before heating is characterized by small subgrain size (2 to 3 m) and by a residual dislocation density of about 10 In this letter, we report the fabrication of Al/Ti/Al laminate foils by asymmetric rolling, followed by annealing at 873K for up to seven days. We found an abnormally high residual dislocation density in the pure aluminum zone. The residual dislocation density was found to reach 7.5×10 14 m -2 , higher than that in aluminum after being subjected to severe plastic deformation processes.
Experimental Investigation
300 μm thick pure aluminum AA1235 and 25 μm thick pure Ti foils were used in the experiments. These were cold-rolled using a four-high rolling mill with 50 mm diameter work rolls. The foils were stacked as Al/Ti/Al and welded at one end to prevent slippage. The composite 625 μm thickness laminates were rolled to reduce the thickness to 130 μm. After rolling, the laminate foils were annealed at 873 K for 6 h, 12 h, 48 h and 168 h (7 days), and left to cool naturally in air. The Al/Ti interfaces in the rolled and annealed laminate foils were investigated. The RD-ND plane of the rolled samples was used to obtain Transmission Electron Microscope (TEM) images.
An FEI xT Nova Nanolab 200 Dual-beam workstation was used to prepare thin-foil specimens for further TEM observation. This provides a means of making a thin slice of 100 nm in a "site-specific" way. The thickness of the specimen is uniform, and the unevenness is less than 5%, as shown in Figure 1a . The specimens were placed on a standard carbon film Cu grid using an ex-situ lift-out method. A Philips CM200 Field Emission Gun Transmission Electron Microscope (FEG/TEM) equipped with a
Bruker Energy Dispersive X-ray (EDAX) Spectroscopy system operating at an accelerating voltage of 200 kV was used to investigate the microstructure details.
After the completion of all TEM imaging, we used a highly efficient Slicon Drift . The measurements were done in the region of 500 nm×500 nm×100 nm, and the reported value was the average of three measurements. . Generally, dislocations could be piled up neatly at the frontiers of an particle. However, a random distributed mass of dislocations within the whole grain was observed, as shown in Figure 1e . Ti and Al alloys can be synthesized as different intermetallics such as Ti 3 Al, TiAl, TiAl 2 , and TiAl 3 when processed at different temperatures.
Results and discussion
Generally, when the annealing temperature is less than 923 K, the titanium aluminide forms TiAl 3 at fairly low temperatures in the prior Al-rich layer after just a few hours [25] . The element distribution in a local zone of Figure 1e is shown in Figure 2 . In Figures 2a, 2b, 2c and 2d, the intermetallic particle is seen surrounded by pure aluminium. In Figure 2e , the particle is TiAl 3 . In Figure 2f , it is seen that the high dislocation density zone is aluminium with about 0.5% Ti. The particle size of the Region Of Interest (ROI) is about 500 nm. Referring to the profiles of previous EDS line scan study in similar working conditions, the distance of affected region due to the X-ray generated from the neighbouring grain is less than 100 nm for a vertical grain boundary. So we believe that a few Ti atoms did exist in the ROI. Vogelsang et al [22] believed that the dislocation generation mechanism that could account for this high dislocation density should be based on the large difference in the thermal expansion coefficients, which might result in high stress at the boundary particle/matrix. For Al and SiC, the thermal expansion ratio is 10: after HPT [6] and ECAP [6] processing respectively. Miyajima et al [7] found that the residual dislocation density was around 10 In the current study, Al/Ti/Al laminates underwent severe plastic deformation during rolling, causing dislocations that were annihilated during annealing at the first stage. Figure 1b shows low residual dislocation density and some voids in the pure aluminium zone. The above discussion suggests that the high residual dislocation density in the pure alumnium zone is caused neither by the difference in thermal expansion coefficients nor by severe plastic deformation, but by a new mechanism.
It is well known that the annilation of the dislocations may result in vacancies and voids. Seitz 
Conlcusions
When the annealing temperature of Al/Ti laminates is less than 873 K, only TiAl 3 intermetallics are developed when the annealing time is 168 h. The microstructure at the intermetallic TiAl 3 nanoparticle frontier changes greatly with annealing time.
When the annealing time is 6 h, some large Kirkendall voids form at the TiAl 3 frontier.
When the annealing time reaches 48 h, there are only some small distributed voids. As the annealing time increases to 168 h, an abnormally high residual density of dislocations (7.5×10 
